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Summary
One hundred eighteen 'Fuji' apple trees were constructed by combining five kinds of training systems (TSs) 
with several parameters for training-pruning (PTPs) using the model method described in the previous paper 
(Yamamoto, 2014). The simulation experiment on the light environment was done on each orchard where the each 
constructed tree was arranged to have an almost identical LAI per orchard area (LAIo). As the result, in the end of 
July of the 15-year and the 20-year of tree ages, there was some fluctuation of the light environment among the 118 
orchards in spite of almost equal LAIo. In addition, a considerably big difference of the daily mean leaf surface 
PPFD on a clear day (CDMPPFD) and that on an overcast day (ODMPPFD) was recognized to be about 32%. The 
rank correlation analyses after the 10-year of tree age showed that the order of the CDMPPFD or the ODMPPFD 
did not change greatly, even if the tree age differed. The multiple range tests for the CDMPPFDs between the five 
TSs after the 10-year of tree age indicated that there were following relations of the magnitudes, namely, trellis 
training (TT) ≒ slender central leader (SCL) ≒ open center (OC) >≒ Y shape (YS) > modified central leader (MCL). 
And that of the ODMPPFD indicated such relations as TT ≒ SCL>YS> ≒ OC>MCL. Within same TS, the mean of 
the CDMPPFDs in each PTP or that of the ODMPPFDs was calculated. The some means separated significantly by 
the difference in several PTPs, e.g. the number of secondary scaffold branches per primary scaffold branch. The 
characteristics of canopy shape (CCSs) of sum total of 107 were calculated. Factor analyses were carried out using 
the all CCSs at the four tree ages. The factors separated by the factor analyses included gap factor in set space, 
thickness factor of tree crown, north-side shape factor of tree crown, the south-side shape factor, tree height factor, 
leaf area density factor, LAI factor, vertical distribution factor of foliage biomass, leaf agglomeration factor and gap 
factor within tree crown. High positive or high negative correlations were widely recognized between the CCSs and 
the CDMPPFDs or the ODMPPFDs. The all factors, which were found by the factor analyses, were incorporated in 
the multiple regression of the CDMPPFD or the ODMPPFD by a stepwise method. And, over about 90% of their 
fluctuation among the 118 orchards were explained by those variables. The effects of the differences in TS or PTP 
on the light environment quoted above were well explained by the CCSs changes, which were accompanied with 
the differences in TS or PTP. Then, evaluation of the 118 orchards was carried out using the results from the 
principal component analyses for the CCSs, the TSs and the ranks of light environment. As the result, the 118 
orchards were almost distributed in each TS. The rank of CDMPPFD tended to be higher, as the score of the first 
principal component (degree of gap in the set space) was bigger, and that of the second principal component 
(thickness of tree crown) was smaller. However, some deviations from the relations were also found.
Key words： factor analysis, gap in tree crown, leaf area index per orchard, principal component analysis, 
simulation in 4D 
キーワード：因子分析，樹冠内空隙，園地LAI, 主成分分析，4次元シミュレーション
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Fig.1  Upper limit of south-north tree width (LSNW), upper limit of 
east-west tree width (LEWW), upper limit of tree height (LTH), 
set space, set land compartment, cubic grid, tree space, row 
space and area occupied by a crown (LAO), height of crown 
bottom (HCB) and dimensions (TH, TWEW and TWSN) of a 
tree which was constructed by CACOAS.
Fig.2  Each one example of tree shape image from CACOAS at pre-pruning in the 3-year of tree age in the five training systems; open center (OC), 
modified central leader (MCL), Y shape (YS), slender central leader (SCL) and trellis training (TT). The numeral indicates the tree number 
shown in Table 2.
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Table 3  The abbreviations of characteristics of canopy shape and their units except characteristics as a ratio.
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Fig.3  An example of a longitudinal row section 
in the 3D grid showing leaf blocks, empty 
blocks within leaf blocks and outer empty 
blocks.
Fig.4  Distribution of leaf blocks and empty blocks on a longitudinal 
section of rows in the 3d grid (left) and that on a cross 
section of stairs in the 3D grid (right). The numbers of leaf 
blocks or empty blocks were counted on all rows (north-
south rows or east-west rows) and on all stairs to investigate 
MNLC, CVNLNSVC, CVNLEWVC, CVNLHC, MNEB, 
CVNEBNSVC, CVNEBEWVC and CVNEBHC.
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Fig.5  A schema of calculation of land area occupied by a crown (LAO). 
A projected plan of a tree crown with the ground direction on 
the stair network in the 3D grid (left) . The total number of 
squares on the stair network where projected leaves exists was 
counted to calculate LAO (right).
Fig.7  In a longitudinal section of rows in the 3D grid (left), d1and 
d2 indicate vertical thickness, and d3 and d4 indicate thickness 
along down direction with a dip of 45 degree. In a cross 
section of stairs in the 3D grid (right), d5 indicates thickness 
along north-south direction, and d6 indicates thickness along 
east-west direction. These calculations were repeated in all 
longitudinal sections of rows, all cross sections of stairs, and 
all down directions with a dip of 45 degree to obtain the several 
mean thickness along several directions in the 3D grid. G and Z 
indicates the ground and the zenith, respectively. 
Fig.6  Data of number of leaves within 9261 blocks from CACOAS 
were given by three-dimensional array. Leaf area densities 
(LADs) were calculated using number of leaves in each leaf 
block and the mean area of the individual blade. Data of LAD 
were used to calculate the mean (MLAD), the maximum 
(MAXLAD), the standard deviation (SDLAD) and the 

























































Fig.8  Typical description of continuation frequency of leaf blocks in 
a longitudinal section of rows in the 3D grid (left) and that in 
a cross section of stairs in the 3D grid (right). A and B: Three 
leaf blocks continued along down direction with a dip of 45 
degree. C: Five leaf blocks continued along vertical direction. 
D: Two leaf blocks continued along vertical direction. E: Four 
leaf blocks continued along east-west direction. F: Two leaf 
blocks continued along north-south direction. G: Seven leaf 
blocks continued along east-west direction. H: Four leaf blocks 
continued along north-south direction. G and Z in the left side 
indicates the ground and the zenith, respectively.
Fig.9  Several patterns of adjacency of leaf blocks or empty blocks. 
The numerals indicate numbers of the blocks.
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Fig.10  In a longitudinal section of rows in the 3D grid (left), the 
oblique arrows and downward ones show transmissions 
along down direction with a dip of 45 degree and that along 
vertical direction, respectively. In a cross section of stairs of 
the 3D grid (right), downward arrows and lateral ones show 
transmissions along north-south direction and that along east-
west direction, respectively.
Fig.11  Classification of concavity at a crown surface using number of 





























































Fig.12  The four regions divided in four directions in the 3D grid (left) 
and the three regions divided in the longitudinal direction 
(right).
Fig.13  Schemas of leaf blocks at the crown surface. A longitudinal 
section of rows in the 3D grid (left), and a cross section of 
stairs in the 3D grid (right).
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樹齢15年の樹には“15 years old tree”を用いるが，ここ
では樹齢15年目のシミュレーション実験結果という別
の意味があるので，本論文の図表およびSummaryの中





























Table 5   Maximum (MAX), minimum (MIN), mean (M), standard 
deviation (SD), coefficient of variation (CV, %) and 
proportion of the largest difference (PLD, (MAX-MIN) / M × 
100%) of CHMPPFD and OHMPPFD of the 118 orchards in 
the end of July in the 15-years of tree year. The unit was μmol 
• m-2 • s-1.
Table 6   Maximum, minimum, mean, standard deviation, coefficient 
of variation and proportion of the largest difference of 
CDMPPFD and ODMPPFD of the 118 orchards in the end 
of July in the 5-, the 10-, the 15- and the 20-year of tree year. 
The abbreviations and the units refer to Table 5.
Table 7   Coefficients of correlation between CDMPPFDs and 
ODMPPFDs of the four tree ages. Significance levels were 
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Table 9   Coefficients of rank correlation between CDMPPFDs and 
ODMPPFDs in the four tree ages. Significance levels were 
as follow; r>0.321 (P<0.001), r>0.254 (P<0.01) and r>0.195 
(P<0.05).
Table 10   The comparison of several CHMPPFDs and OHMPPFDs of the 15-year of tree age between the five training systems (upper) 
and that of CDMPPFDs and ODMPPFDs in the four tree ages (lower). Numbers of trees in OC, MCL, YS, MCL and TT 
were 14, 30, 14, 30 and 30, respectively.
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MCF45E お よ び MCF45W）， 樹 冠 各 方 向 の 透 過 度
















Table 11   The comparison of CDMPPFDs and ODMPPFDs in each training system between parameters for training-pruning (PTP) in the four 
tree ages. n indicates the numbers of tree per parameter in each training system.
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Table 12   Means and coefficients of variation of the 107 
characteristics of canopy shapes (CCSs) of the 118 trees 
in the 15-year of tree age. The abbreviations and units 
refer to Table 3 and 4.
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Table 13   Factor loadings (FLs) of caracteristics of canopy shape (CCSs) in each factor from factor analyses of the 
15-year of tree age (left) and that of the 20-year of tree age (right) in the upper part of the table. Coefficients 
of determination (CDs) and cumulative coefficients of determination (CCDs) were shown in the lower. 
Abbreviations of CCSs refer to Table 3 and 4.
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Table 14   Coefficients of correlation between most characteristics of 
canopy shape (CCSs) and CDMPPFDs or CDMPPFDs of 
the 118 orchards in the 15-year of tree age. Significance 
levels were as follow; r>0.321(P<0.001), r>0.254 (P<0.01) 





























Table 15   Results of multiple regression analyses of CDMPPFD or ODMPPFD in the three tree ages (the10-year, 15-year and 20-year) using 
characteristics of canopy shape (CCSs) by a stepwise method. PRC, CV, CD and IV indicates partial regression coefficient, criterion 
variable, coefficient of determination (=R2) and incorporated variable, respectively. The abbreviations of CCSs refer to Table 3 and 4.
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Table 16   The comparison of means of several characteristics of canopy shape (CCSs) which were incorporated into the multiple regression of 
ODMPPFD between the five training systems in the three tree ages. The abbreviations and units of CCSs refer to Table 3 and 4.
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Table 17   The comparison of several characteristics of canopy shape (CCSs) between values of parameters for training-pruning 
(VPTPs) of each combination of training system in the three tree ages. The numbers of trees per the parameter in each 
training system refer to Table 11. The abbreviations of CCSs and that of training-pruning parameters refer to Table 3 
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Table 18   The upper part indicates the eigenvectors (EVs) of the first principal component (left) and the second 
one (right) from the principal component analysis of characteristics of canopy shape (CCSs) in 
15-year of tree age. The lower part shows the eigenvalues (EVAL), the coefficients of determination 









































Fig. 15  The distribution of scors of the first principal components (the vertical axis) and the second principal components (the horizontal axis) of the 
118 orchards whichi were expressed using five symbols of the training systems and the order of CDMPPFD in the 15-year of tree age.
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